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ABSTRACT

Heat transfer and pressure measurements have been
measured on a 15" - 30P half angle biconic model with a blunt

nosetip in the von Karman Institute Longshot free piston tun-

nel at Mach 15 and 20 and Reynolds numbers between 1 x 106

and 5 x 106 based on model base diameter. The test flow para-

meter closely simulated re-entry aerodynamic conditions. The

angle of attack of the model was varied from 0 to 200. Infor-

mation derived from the measurements and also schlieren pic-

tures enabled understanding of the eff'ects of Mach number,
Reynolds number and flow incidence on the flow over the model

and the location and size of heat transfer peaks.
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FOREWORD

The activities and results documented in this report

were supported under Project 63311F with Captain R. Chambers of

Space and Missile Systems Organization, acting as project

engineer. This report covers work conducted during the period

December 1, 1978 through Noverber 30, 1979.

The technical advice and guidance by Dr Victor

DiCristina, Manager, Thermodynamics and Materials Test Depart-

ment, Avco Systems Division, Wilmington, Mass. in the area of

model design and instrumentation was particularly valuable.

The author acknowledges the help of Mssrs Roger Conniasselle

and Fernand Vandenbroeck in operating the tunnel and Mr Jean-

Claude Lobet for the photography. Mr U. Grtner of the

Ruhr-Universitit, Bochum, participated in the tests, data

reduction and interpretation of the results, while carrying

out a "stage" at VKI.

L 1*



4

LIST OF FIGURES

1 Nosetip shape evolution

2 Schematic of the Longshot Free Piston Tunnel

3 Schematic of Model N

4 Photograph of Model N

5 Schlieren photographs and heat transfer rate

5a Schlieren photographs and heat transfer rate,

M = 16, Re = 9 x 106 per ft - 50 < a < 50

5b Normalised pressure and heat transfer distribution;

M = 16, Re = 9 x 106 per ft -'50 < < 50

6a Schlieren photographs and heat transfer rate,

M = 16, Re = 9 x 106/ft - 20' < a < 20'

6b Normalised pressure and heat transfer distribution,

M = 16, Re = 9 x 106/ft - 200 < a < 20'

7a Schlieren photographs and heat transfer rate,

M = 15, Re = 4.5 x 106 per ft - 200 < a < 200

7b Normalised pressure and heat transfer distribution,

M = 15, Re = 4.5 x 106 per ft - 200 < a < 200

8a Schlieren photographs and heat transfer rate,

M = 20, Re = 3.3 x 106/ft - 50 < a < 5'

8b Normalised pressure and heat transfer distribution,

M = 20, Re = 3.3 x 10 6/ft - 50 < a < 50

9a Schlieren photographs and heat transfer rate,

M = 20, Re = 3.3 x 106/ft - 200 < a < 2U°

9b Normalised pressure and heat transfer distribution,

M = 20, Re = 3.3 x 106/ft - 200 < a < 200

lOa Schlieren photographs and heat transfer rate,

M = 20, Re = 2 x 106/ft - 20' < a < 20'

lOb Normalised pressure and heat transfer distribution,

M = 20, Re = 2 x 106/ft - 200 < a < 200

I II 1 '. ..- ..



5-

LIST OF TABLES

1 Heat transfer calibration information

2 Test identification, Model N

3 Test conditions

4 Heat transfer measurements

5 Non-dimensionalized heat transfer measurements

6 Pressure measurements

7 Non-dimensional pressure measurements



-6-

1. INTRODUCTION

In the design of ablation type components for re-entry

vehicles, it is critical to be able to predict the flow behaviour

on the complicated shapes evoluted during flight. The full problem

involves understanding the processes in, for instance, a boundary

layer with mass addition from ablation with transition and maybe

flow instability present. A useful input can be obtained from the

testing of appropriate passive, i.e., non ablating models in flow

conditions similar to that expected to be encountered in flight,

Because of lack of advanced facilities in operation at

present, and for economic reasons, most parametric test programs

are carried out at Mach numbers much below that encountered during

the most critical re-entry region with regard to maximum decel-

eration and maximum surface heating. Studies in the Longshot

facility, described in reference 1, have the advantage that mainly

exact simulation of Mach number and Reynolds number are achieved

with full size models. Hence, using this facility, checks can

be made on the lower Mach number studies as well as pinpointing

other areas of further necessary study.

Figure 1 demonstrates the families of shapes which have

been found on ablating re-entry nosetips. Studies to date have

included measurements on 500 - 8' biconic models (representing a

"blunt turbulent shape") and hemispheres ("spherical"). The

experimental measurements in .laminar, transitional, turbulent

flow on a variety of smooth and rough-walled models of these

types with and without nose bluntness and at various angles of

attack, have been compared with appropriate theories (Refs. 2, 3).

Pressure and heat transfer measurements have been made on convex

shapes (also representing "blunt turbulent" shapes, Ref. 4) and

on concave biconic surfaces (representing "transitional" shapes,

Ref. 3). Studies of the "unsteady" flow over concave shapes

have been made and described in Refs. 5 and 6.
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The present series of tests involves a systematic

study of the flow over a concave shape which resembles the
"sharp turbulent" family of shapes. The study in particular

deals with the effect on the flow of Mach number, Reynolds

number and model incidence. For the first time in such tests

in Longshot the incidence range was extended to 200 reflecting

the future interest in the high manoeuvering of missiles

within the atmosphere.
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2. EXPERIMENTAL APPARATUS AND PROCEDURE

2.1 Test facility

The von Karman Institute Longshot test facility as

schematized in figure 2 was used for this program, Longshot

differs from a conventional gun tunnel in that a heavy piston

is used to compress the nitrogen test gas to very high pressures

and temperatures (Refs. 1, 3). The test gas is then trapped

in a reservoir at peak conditions by the closing of a system

of check valves. The flow conditions-decay monotonically dur-

ing 10 to 20 milli-second running times as the nitrogen trapped

in the reservoir flows through the 6' half-angle conical nozzle

into the pre-evacuated open jet test chamber. The extremes in

supply conditions used in these tests are approximately 55.000

lb/in 2 at 1900 0 K and 38,000 lb/in2 at 2320 0 K. These provide

unit Reynolds numbers of 8.5 x 106 and 2 x 106 per ft at nom-

inal Mach numbers of 15 and 20, respectively. The two Mach

numbers were obtained at the 14 in. diameter nozzle exit plane

by using throat inserts with different diameters.

2.2 Models and instrumentation

The concave conic model designated Model N was supplied

by Avco Systems Division and has a 0.375 in nosetip and a 7.28 in.

base diameter (see figure 3). The foreward part of the model

consisted of a conical sectian of 150 half angle leading to

another conical section of 300 half angle. The transition from

these two conical sections was smoothly accomplished through a

concave section with a radius of 1.75 in radius from a model

radius of 2.10 in. The model was completed with a final unin-

strumented section of 60 half angle through a convex section

again of radius 1.75 in.

Ten copper calorimeter heat transfer gauges manufac-

tured by BBN and supplied with the models were mounted flush

along the surface as illustrated in figure 3. Four were placed

on the 150 half angle surface and six placed on the 300 half
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angle surface. An additional gauge which was contoured to

fit the local shape was placed on the nose of the model. Ten

pressure taps were identically spaced along the surface but at

1800 around the model from the row of heat transfer gauges.

Details of the heat sensors used and the associated recording

equipment and data reduction is given in references 7 and 8.

The calibration technique used for these transducers is des-

cribed in reference 4. The gauge calibration factors used for

these transducers are given in Table 1. Steady pressure measure-

ments were made using PCB piezo-electric transducers.

The reservoir pressure is measured using Kistler Type

6201 piezo-electric gauges. The reservoir temperature was asses-

sed from signals from a tungsten-rhenium thermocouple mounted in

the reservoir. Pitot pressures are measured with a PCB piezo-

electric transducer. The tunnel test flow has undergone detailed

calibration at the four standard test conditions using fine wire

stagnation temperature probes as described in reference 9.

2.3 Schlieren photography

An 18 in conventional single pass Toepler schlieren

system equiped with high quality optical components is used.

With the exception of one 24 in. diameter plane mirror to bend

the light 90' (due to the vicinity of a wall near the test

section) the light beam takes a Z-shaped path. A single spark

light source with a spark duration of I usec is used in all

tests to record the visualisation of the flow on 3 1/4 x 4 1/4

in. sheet film.

2.4 Test matrix

Table 2 gives the scope of the test series and identi-

fies the test number with each model and flow configuration.

It can be seen that the test series provides cross sections of

a complete matrix involving the parameters of flow Mach number,

Reynolds number and angle of incidence. The test conditions

given in this table are nominal values. More detailed infor-

mation about the test section conditions is given in Table 3.
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3. RESULTS AND DISCUSSION

3.1 Presentation of results and general remarks

The overall basic results of the study can be presen-

ted in figures 5 - 10. These are displayed in such a way as to
facilitate the discussion of the effects of changing various

parameters. The schlieren photographs, dimensional heat transfer

rate, normalised heat transfer rate and normalised pressure are

presented. Figures 5 and 6 present the results for M = 16 and

Re = 9 x 106 per ft for the angle of attack ranges of -5 ° < a < 5'

and - 20° < a < 200 respectively; figure 7, the results for

M = 16 and Re = 4.5 x 106 per ft for - 20' < a < 200; Figures 8

and 9 present the results for M = 20 and Re/ft = 3.3 x 106 for

-5°< a < 50 and - 200 < a < 20' respectively and figure 10

presents the results for M = 20 and Re/ft of 2 x 106 for

- 20' < a < 200.

The experimental and normalised results for all tests

are also presented in Tables 4 - 7. The pressures are norma-

lised with respect to the pitot pressure, which is assumed to

be the same as the stagnation point pressure. The heat transfer

rates are normalised with respect to the theoretical stagnation

point heat transfer on a 0.375 in radius hemisphere, whose value

is given in Table 3 and which is calculated from free stream

conditions using the Fay and Riddell formula as presented in

reference 7.

A negative incidence, a, in the figures represents a

"leeward" surface, and a positive value a "windward" surface.

Since during one particular test the heat transfer gauges are

on a windward surface when the pressure taps are on the leeward

surface and vice versa, the figures are rearranged to align

data on surfaces with the same attitude to the flow rather than

in terms of run numbers (as in the case of the tabulated data).
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3.2 Discussion

3.2.1 Pressure measurements

The pressure measurements were non-dimensionalised

with respect to the measured pitot pressure and plotted against

the distance from the nose along the surface of the model. In

order to assist discussion of the results, then simple Newtonian

and tangent cone theories were plotted, where possible, on the graphs.

For the majority of windward flow cases the information

from both the schlieren pictures and the pressure distributions

indicate that little or no separationis occuring at the junction

between the forebody and the aft body. In these cases the pres-

sure distribution is characterised by a flat distribution of the

four pressures before the corner, followed by a marked peak on

the fifth gauge and a decrease to a fairly flat distribution on

the last three or four gauges. The pressure peak is caused

essentially by the change in momentum of the flow as it is turned

rapidly through the corner. Newtonian theory agrees best with

the forebody results, but after the peak, both Newtonian theory

and tangent cone theory overpredict the results.

It is evident for the zero angle of attack cases,

that since the pressure peak moves to the fifth (or even the

sixth gauge for the low Reynolds number cases) that the flow

has become separated, and that the separation length is increas-

ing with Reynolds number, a feature of transitional flow.

For the "leeward" flow cases at 50, the flow is

evidently highly separated with the re-attachment point moving

towards the model shoulder, and again the separation length is

increasing with decreasing Reynolds number. At 200, the flow

is difficult to diagnose since schlieren pictures show little

viscous flow detail but the pressures tend to show characteristics

of unseparated flow. Furthermore the measurements have very

low values and are very scattered.
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3.2.2 Heat transfer measurements

For these measurements, no suitable computer code was

available at the Institute for prediction of these flows which

has complicated the diagnosis of the flow. The discussion is

broken down into the behaviour at different surface incidences.

3.2.2.1 Zero angleof attack

The heat transfer distributions here are characterised

by very high peak heating at re-attachment of the separated

boundary layer at values sometimes 20 times that on the forebody.

Since the gauges are widely spaced, then the re-attachment point

may fall between gauges resulting in lower heat transfer rates

than otherwise. For the high Reynolds number cases, the heat

transfer rate on the after body after separation is at a higher

level than for low Re cases indicating transition to turbulent

flow.

3.2.2.2 50 angle of attack, wind-ward surfaces

Within the scatter of the measurement, the heat trans-

fer rate appears to increase uniformly by two to three times as

one goes from the forebody to the after body, again providing

evidence that the flow is unseparated. The schlieren picture

shows that the flow is probably turbulent on the aft body for

the high Reynolds number case ( M = 16, Re = 9 x 106).

3.2.2.3 50 angle of attack, "leeward" surfaces

For both of the cases examined, the peak heating occurs

at the seventh gauge, indicating that the re-attachment point

of the undoubtably separated flow lies near this point. There

is a difference however in the distribution of heat transfer

before the peak. In the high Reynolds number case the heat

transfer rate is increasing with distance, typical of a trans-

itional or turbulent separator, whilst for the low Reynolds case

there occurs a "bucket" indication of a laminar separation.

L . , ....... _, <;.-.i I
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3.2.2.4 200 angle of attack, windward surface

The distributions illustrated here are very difficult

to recreate with known flow behaviour. It is established from

schlieren photographs and pressure disturbances that the flow

on the windward meridian is attached. Nevertheless the flow is

unusual because of the high angle exposed to the flow and the

high depletion of the flow by the strong cross flow likely to

exist. The most common feature in the results is that there

occurs a peak at the eighth gauge. At the highest Reynolds

number case, there occurs another peak of almost equivalent

size to the latter peak occuring at about the third gauge and

which diminishes in size with decreasing Reynolds number.

Transition may play a role in this unusual feature. Further-

more detailed research is suggested to understand these results.

3.2.2.5 200 angle of attack, leeward surface

In these cases, the forebody is at a negative angle

of incidence to the flow, and the flow boundary layer would be

thickening due to the cross flow. The heat transfer rates are

typically one order of magnitude smaller than on the windward

surface and the results are highly scattered. Nevertheless
the impression gained from the result is that of an unseparated

flow characteristic with a peak heat transfer found at the

fifth gauge i.e. the one after the corner.
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4. CONCLUSIONS

Pressure and heat transfer measurements and visualiza-

tion of the flow were made on a 150-30' biconic concave shape

with a spherical nose tip representing the sharp turbulent con-

figuration in the family of body shapes found during reentry

ablation. The measurements were made in the flow of the von

Karman Institute Longshot Facility at nominal Mach numbers of

16 and 20 and Reynolds numbers of 9.0106, and 4.5x106, 3.OxiO6

and 2.OxlO 6 , respectively. The effect of changing the incidence

over a range from -200 to +200 was studied.
I

Generally Newtonian theory predicted well pressures

under attached flows on the forebody but overpredicted measure-

ments on the aft body, as also did tangent cone theory. The

measurements ascertained that on windward surfaces the flow

remained attached to the surface, but in all other cases flow

separation occurred. However, there were signs that for the

leeward surface of the cone at 200 incidence the flow also

remained attached. As expected, heat transfer rates near re-

attachment exceeded by up to 20 times those occurring before

separation. Trends indicate that the separated regions increased

with decreasing Reynolds number, a sign of the existence of

transitional flow.

The measurements were generally easy to explain with

existing knowledge, except for the case of the strange heat

transfer distributions measured on the windward side of the

model when it was placed at 200 angle of attack.
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TABLE I HEAT SENSOR CALIBRATION INFORMATION

POSITION GAUGE RUNS CALIBRATION

NO NO USED CONSTANT

B .Th.U/ft2 sec
mV/sec

0 23 609 0.625
24 612-614 0.677
21 615 0.669

1 1 609-624 0.624

2 3 609-624 0.628

3 5 609-624 0.607

4 6 609-624 0.658

5 7 609-620 0.609
15A 621-624 0.612

6 9 609-614 0.654
15 615-616 0.820
9A 617-620 0.796
18A 621-624 0.585

7 10 609-624 0.689

8 12 609-624 0.590

9 14 609-624 0.636

10 16 609-624 0.598
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TABLE 2 TEST IDENTIFICATION -MODEL N

INCIDENCE 0 5 -5 +20 -20
TEST
CONDITIONS ___________ _______

M =16*
6 120 613 614 620 621

Re = 9xl0 6/ft

M = 16
611 - - 619 622

Re = 5x106 /ft

M = 20
610 616 615 617 623

Re =3xJ06

M = 20
609 - - 618 624

Re =2xj06

K E'.

o Test number

* Nominal test section conditions

t Positive incidence means pressure surface "windward"
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TABLE 3 TEST CONDITIONS

TAC, NO POr(rsl) To P PK)/T(PsT

p(FSI ) T(K) pflo V(FT/,,FC)
QD (LB/FTxx2) Q(BTU) TT211 (K) C O DE NSATIOT1

1. 0,000 0.550000E 05 0.190000F Oh 0.200o0: 02
15.990 0.798927E 05 O.245702E Oh 0.87296L 07

0,780727E-01 Oh71264 02 0.7h6250F-0O4 0.73L35LE Oh
0.201217F 04 0.939885E 02 0.219290P 04 0,h3201(3F 02

2. 0.000 0-350000E 05 0.2020007 Oh 0.15099?: 02
15.470 0,39It981F 05 0.247216E 04 0-hL505 1 07

0.484203F-01 0.505899F 02 0,h3131:, -ol. O.73f132 0!r
0.116814E o'4 0,7215481 02 0.2205161w o4 0,- 485 5 02

3. 0.000 .0.5900001 05 0.2350o00E o4 o.8ooooe o
19.906 0.716570F 05 0303h4E1 Oh0 .313777- 07

0. 154730E-01 0,3781 17- 02 0. 18h33 E-O O.8191?7 O
o.618078f 03 o .668823- ' 02 0.2659;5E O4 0 .3 ' T 02

4;. 0.000 0.3760002 05 0,232000;: 04 0.519 99 1 01
19,178 0., o80462 05 0.28o1(;-, 00 , o , 6 (-7; 07

0 108387r-01 0.383805' 02 0.127209 E-OL O.7 h3S I:F 0X
o.M01877E 03 0.5035132 02 0.252000104 O .351, 101, 02

Case 1, M = 15, High Re.

Case 2, ,! M = 15, Low Re.

Case 3, Mn = 20, }lligh Re.
nom

Case 2,, M = 20, Low Re.
n on
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